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ABSTRACT Ice accretion on insulators in cold regions is a serious and inevitable problem for power
transmission lines, which may cause over-load and icing flashover accidents and can lead to wide power
outage. In this research work, multiphase numerical simulations are carried out to investigate the effect
of wind flow angle & velocity on the ice accretion of transmission line composite insulators. To verify the
simulation results, lab-based icing tests are carried out in artificial climate chamber of Chongqing University.
Results show that the change of wind flow angle has an obvious effect on both accreted ice shape and ice
mass of insulators. When wind flow angle changes from 0◦ to 90◦ or −90◦, the ice mass increases before
dropping sharply. Meanwhile, ice mass accretion on insulators with wind flow angle is more sensitive to the
change of wind velocity. For V-shape insulator strings, the ice mass increased 47.22% in average compared
to ordinary suspension insulators. The findings of this research can provide significant engineering reference
for the design of transmission line in icing prone areas.
INDEX TERMS Overhead transmission line, CFD, ice accretion, insulator strings, wind flow angle.
I. INTRODUCTION
Icing is a common natural phenomenon in cold regions and
poses serious threats to the operations of overhead power
transmission lines. Once insulators are covered with ice,
transmission lines can face the problems such as discharging,
flashover, trip-out and serious widely power outage [1]–[3].
For a long time, plenty of research about insulator icing
have been conducted around the world mainly focusing on
the icing flashover tests. Based on results of flashover tests,
researchers found that ice accretion decreases the flashover
voltage of insulators [4]–[6]. Furthermore, the decrease of
icing flashover voltage is seriously related to the ice mass
and ice shape on insulators [7]–[9]. However, limited work
has been carried out in this research field. Rudzinski et al.
proposed a 3D glaze ice simulation model for post insulator,
which is based on discrete particle analysis and takes lots
of computation cost [10]. Zhang et al. performed icing and
flashover test on V-shape insulator stings, and analyzed the
The associate editor coordinating the review of this manuscript and
approving it for publication was Jenny Mahoney.
ice shape on V-shape insulator stings, but no quantitative
measurement was involved [11]. Xingliang et al. proposed
a calculation method for ice mass estimation on composite
insulators, however, in his research, the change of ice shape
is not investigated [12]. Jiang et al. built a simulation model
for glaze ice accretion on insulators, and this model mainly
focuses on the formation of icicles [13]. Though several
research for ice accretion on insulators have been performed,
but ignored the effect of wind flow angle on ice accretion.
It is very common that there is an angle between wind
flow and insulators. For some cases, the wind velocity is
not horizontal when flows over the vertically installed insu-
lators, and for others the wind is horizontal, but insulators
are fixed with an angle due to the use of V-shape insula-
tor stings. Because of the advantages of space saving and
stability, V-shape insulator stings is widely used in China,
especially in EHV (extra-high voltage) and UEV (ultra-high
voltage) transmission line [14], [15]. In the meantime, most
of the V-shape insulator stings are consisted of composite
insulators due to its excellent mechanical properties and
anti-contamination performance [16]. Usually, the selection
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of inclination angle of V-shape insulator strings is based
on the mechanical properties under the action of wind and
based on the statics and dynamics analysis of mechanical
performance, the most recommended inclination angle for
V-shape insulator strings is between 60◦ and 120◦ [17]–[19].
So far, the design of transmission line has not taken into
considerations, the effect of the wind flow angle on icing
characteristics, which may cause potential problems.
Nowadays, there are three main approaches to study the
ice accretion on insulators: field observation, lab-based icing
test and numerical simulationmethod [20]. Compared to field
observation and lab-based icing test, numerical simulation
method is easy to conduct and save lots of cost in man-
power and material resources. However, numerical simula-
tion method needs to be further verified by field observation
or artificial icing test.
In this research, CFD based multiphase numerical simu-
lations method is used. Furthermore, the simulation results
are verified by icing tests in artificial climate chamber. Then
the effect of wind flow angle & velocity on ice accretion of
composite insulators is investigated deeply, which provide
significant engineering reference for the design of insulators
of transmission line in ice prone areas.
II. ICE NUMERICAL SIMULATION MODEL
A. DEFINITION OF WIND FLOW ANGLE
The acute angle between wind velocity and the perpendic-
ular of insulator is defined as wind flow angle α, which
is illustrated in Fig. 1. And when wind blow towards the
insulator upper surface α is positive, otherwise it is negative.
The inclination angle of V-shape insulator strings is β. The
α is between −90◦ and 90◦ and the range of β is 0 - 180◦.
Furthermore, the relationship between α and β can be
expressed as
β = 2 · |α| (1)
FIGURE 1. Diagram of wind flow angle.
In this research, FXBW-220/100 composite insulators are
used. The total length of FXBW-220/100 composite insula-
tors is 2240 mm, and the insulation distance (the length of the
insulation part) is 2000 mm with 50 sheds. Because the peri-
odic distribution of big and small insulator sheds, a section
containing six sheds is selected as simulation object to save
the computational cost. The profile of FXBW-220/100 com-
posite insulator and simulation section are shown in Fig. 2,
and the geometric parameters are shown in Table. 1.
FIGURE 2. FXBW-220/100 composite insulator and simulation selected
section.
TABLE 1. Geometric parameters of research object.
B. NUMERICAL SETUP
In this research, CFD based multiphase numerical simula-
tions are carried out. The simulation domain and mesh are
shown in Fig. 3. The domain is composed of velocity-inlet,
pressure-outlet, slip wall of around faces and no-slip wall for
insulator.
FIGURE 3. Simulation domain and mesh.
To make sure the good simulation of air flow behaviors
and heat flux transfer on insulator surface, the mesh size on
insulator surface is 10−3 m and the first layer height of grids
is set to 10−6 m with 1.1 growth rate. In average, there are
about 2.9 - 3.5 million cells and 0.7 - 0.9 million nodes in
simulation domain. In mesh sensitivity analysis, the heat flux
transfer and droplet solution on insulator surface are selective
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analyzed regarding the independence of the numerical solu-
tion from the mesh size. The heat flux and shear stress and,
a y+ values of less than 1 is used near the wall surface are
accurately determined. At the same time, number of mesh
elements and y+ value is selected based upon the heat flux
calculations, where a numerical check is carried out that the
heat flux computed with the classical formulae dT/dn should
be comparable with the heat flux computed with the Gresho’s
method. Results show that the numerical mesh is usable and
stable in this research.
The Eulerian two-phase model is used to solve air flow
field and water droplets distribution around insulator. Air
flow around insulators can be solved by the differential equa-
tions of motion of incompressible viscous fluid including
continuity equation, momentum conservation equation and
energy conservation equation [21], [22]:
∂ρa
/
∂t + E∇ (ρaEva)= 0 (2)
∂ρaEva
/
∂t + E∇ (ρaEvaEva)= E∇ · σ ij + ρaEg (3)
∂ρaEa
/











where ρa is the air density; va is the air velocity vector;
σ ij is the stress tensor; Ea is the total energy; Ha is the total
enthalpy; Ta is the air static temperature; κa is the air thermal
conductivity.
In this research, K-ω SST turbulence model is used to
solve the air flow around insulator. Meanwhile, Sand-Grain
model is used to simulate the ice surface roughness. For water
droplets, Eulerian model is used in which water droplets are
viewed as continues phase. The distribution of water droplets




∂t + E∇ (αEvd ) = 0 (5)
















where αd is the water volume fraction; vd is the velocity of
droplet; ρd is the droplets density; CD is the droplet drag
coefficient; Red is the Reynolds number of droplets; K is
inertial parameter: Fr is the local Froude number.









where Rd is droplet diameter; v∞ is initial air flow velocity;
µα is air kinematic viscosity; L∞ is the characteristics length
of object; g∞ is acceleration of gravity.
After getting the distribution of water droplets around
insulator, the collision efficiency of water droplets on insu-
lator is calculated. To solve the droplets freezing process on
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where ρf , hf , vf , cf are parameters of water film, which are
density, height, velocity vector, and specific heat capacity
of water film respectively; ωd is the liquid water content;
βd is the collision efficiency; mevap is the mass transfer by
evaporation; mice is the mass transfer by ice formation; Tf is
the environmental temperature; T∞ is the initial temperature
of air; Levap is evaporation latent heat; Lfusion is fusion latent
heat; cs is the specific heat capacity of ice; T is the freezing
temperature; σ is the Stefan constant; ε is the emissivity of
the ice surface; ch is the convective heat transfer coefficient;
Tice is the ice temperature of ice surface; qcond is the conduc-
tive heat fluxes.
In this research, airflow and droplet solvers are based on
Finite Element base discretization method, but ice accretion
solver is based on Finite volume base discretization method.
By solving (2) - (11), the ice mass accreted on every control
volume (grid) on insulator surface is achieved. After the
calculation of ice density, the ice volume on every grid is
also obtained. Then the ice shape on insulator surface can be
worked out by grid transformation and reorganization.
III. ICING TEST AND MODEL VALIDATION
A. TEST FACILITIES, SPECIMENS AND PROCEDURES
To verify the numerical simulation results, icing tests of
FXBW-220/100 composite insulator are carried out in the
artificial climate chamber of Chongqing University, which
is shown in Fig. 4. With a diameter of 7.8 m and a height
of 11.6 m, the artificial climate chamber of Chongqing Uni-
versity is able to simulate various complex icing environ-
ments [12]. The temperature of the climate chamber can be
lowered to − 45 ◦ by refrigeration system. The wind speed
can be adjusted between 1 - 12 m/s by wind circulation
system. Spaying system are made of IEC standard nozzles
and MVD (droplets Median Volume Diameter) can be con-
trolled between 20 µm and 200 µm. Test performance of
artificial climate chamber meets the IEEE icing experiment
standards [26], [27].
-Icing test procedure. First of all, the insulator is cleaned
and dried. Before icing test, insulator is fixed in the climate
chamber with a desired angle. Freezing water is pre-cooled
to about 1 ◦ before sent to spraying system. In the icing test,
refrigeration system is turned on firstly. When temperature
in climate chamber reached to the desired value, wind cir-
culation system and spaying system start working. In icing
test, wind generated by wind circulation system is adjusted to
move horizontally and brings droplets moving horizontally.
In the meantime, spray system is adjusted to generate the
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FIGURE 4. Artificial climate chamber.
required size of the water droplets and water content to meet.
the experimental requirement. Detailed icing test procedures
strictly follow the instruction in IEEE. 1783 Guide [27].
-Measurement of Ice mass. Test insulator is hung in
artificial climate chamber by the way of tension sensor
(DEG-50 kg with ± 0.02% measure error). Subtracting the
original weight of the insulator and other fittings from the
reading of the tension sensor is the ice mass accretion on insu-
lator. Every icing test last 360 min and ice mass is recorded
after every 30 min. Four icing tests are carried out, and the
parameters of icing test are shown in Table. 2.
TABLE 2. Parameters of icing test.
B. TEST RESULTS
Ice mass accretion on insulators increases with time in both
test and simulation results are shown in Fig. 5. The ice mass
accreted on insulators is converted to per meter. Fig. 5 shows
the following:
1) The ice mass increases quasi-linearly with icing time
in both test and simulation results with saturation ten-
dency. Although there is acceptable difference, the sim-
ulation results are closed to the test results.
2) Although there are fluctuations in the percentage differ-
ence in ice mass between test and simulation results in
the early stage of the icing test, but as the experiments
progress, it gradually stabilizes. The reasons could be
the effect of insulator surfacematerial. Composite insu-
lators are made of hydrophobic silicone rubber, which
designed for anti-contamination performance. In early
stage of the icing test, water on insulator surface is
FIGURE 5. Ice mass increasing with time in test and simulation results.
easy to condense into drops and freeze, resulting in the
increased roughness of the insulator surface and lead
to more ice accreting. As test progressing, when the
insulator surface is covered with ice, the ice accretion is
no longer affected by the surface material. So, the dif-
ference between test and simulation results gradually
become stable.
3) It can be found that the change of wind velocity has
obvious impact on the ice accretion. When wind veloc-
ity increase from 6 m/s to 9 m/s, the ice mass almost
doubles which augments from 0.871kg/m to 1.671kg/m
at 360 min in test result.
4) In the meantime, wind flow angle also has great effect
on the ice accretion of insulators. It can be found that
the ice mass increase obviously when wind flow angle
changing from 0◦ to 40 ◦ or −40◦. Comparing the
test results in test 2, test 3 and test 4, with the same
environmental parameters, the icemass are 0.871 kg/m,
1.192 kg/m, and 1.664kg/m at 360 min respectively.
The percentage difference and RMSE (root mean square
error) between test and simulation results are shown
in Table. 3. The RMSE between test and simulation results
in 4 tests are all less than 0.05 kg/m, and the total difference
between test and simulation results is 5.65%. In summary,
the ice simulation model performs well in calculation of ice
mass accreted on insulators. Though with acceptable differ-
ence, ice simulation method is more efficient and low-cost
compared to the field observation and lab-based icing test.
TABLE 3. Percentage difference and RMSE between test and simulation
results.
IV. EFFECT OF WIND FLOW ANGLE ON ICE SHAPE
In this section, the most common value of α in practice
(0◦ and ± 40◦) are selected to investigate the effect of wind
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flow angle on air flow behaviors, droplets collision efficiency,
ice shape and ice thickness on insulator surface. The sim-
ulation parameters in this section are shown in Table. 4.
Simulation time is 360 minutes.
TABLE 4. Simulation parameters.
A. AIR FLOW BEHAVIORS
The air flow behaviors at α = 0◦ and α = ± 40◦ cases
are illustrated respectively in Fig. 6, and the following can
be inferred:
1) Because of the disturbing effect of insulator on air
flow field, the wind velocity on windward side is small
than the initial value. Besides, the wind velocity along
insulator leeward side is almost zero.
2) The largest wind velocity in center section at α =
0◦ case appears on the rod edge, which is 9.22 m/s.
Meanwhile, when α = 40◦ and α = −40◦, The largest
wind velocity appears on the edge of insulator shed,
FIGURE 6. Velocity contour along insulator at different angles (center
section): (a) α = 0◦, (b) α = 40◦, (c) α = −40◦.
which are 9.60 m/s and 9.82 m/s respectively. This
is because the existing of wind flow angle increases
blocking effect of insulator sheds on air flow, and the
largest wind velocity usually appears on the edge of
blocking object.
3) The wind velocity at different parts of the insulator
varies greatly, which has great effect on the transform
of heat flux and then water droplets freezing process.
4) The distribution and flow field of water droplets
depends on the air flow behaviors. Some water droplets
will bump onto the insulator surface and others will
go around the insulator with air. To investigate the
collection characteristics of water droplets on insulator
surface, the droplets collision efficiency is calculated.
B. DROPLETS COLLISION EFFICIENCY
The droplets collision efficiency is a significant parameter for
the icing simulation, which reveal how much water droplets
will get onto to the insulator surface and participate in the
freezing process. Usually, larger droplets collision efficiency
means more ice accretion. So, through the distribution of
water droplets, where the ice will accrete a lot can be inferred
roughly.
The droplets collision efficiency at different cases is shown
respectively in Fig. 7. Following are the main observations:
1) When α = 0◦, the droplets mainly collide onto insu-
lator rods and shed surfaces along windward side.
Furthermore, the greatest value for droplets collision
efficiency is 0.662, which appears on the insulator rod
center.
2) As for α = 40◦, the droplets collision efficiency in
small shed edges and the upper half of the rods are
much bigger than other areas, and the biggest droplets
FIGURE 7. Diagram of droplets distribution: (a) α = 0◦, (b) α = 40◦,
(c) α = −40◦.
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collision efficiency appears on the second small shed
edge with 0.779.
3) When it comes to α = −40◦, it is found is that the
droplets mainly collide onto small shed edges and the
lower half of the rods. The largest collision efficiency
appears in the fourth small shed edge with 0.722.
4) On the leeward the droplets collision efficiency is very
small. Because it is difficult for water droplets to get
into this area with air flow.
5) It can be found that the wind angle obviously changes
the distribution of droplets collision efficiency, which
will also greatly influence the accreted ice shape on
insulator.
C. ACCRETED ICE SHAPE
The distribution of ice shape in three cases is shown in Fig. 8.
It is found that the distribution of ice shape is mainly con-
sistent with the distribution of collision efficiency, as area
where with the lager droplets collision efficiency is covered
with thick ice. When α = 0◦, the ice mainly accreted on the
insulator rods and shed surfaces. And when α = 40◦, the ice
mainly accreted on the top half of the insulator rods and upper
surface beside shed edges. Meanwhile, at α = −40◦ case,
ice mainly appears on the lower half of the insulator rods and
lower surface beside shed edges. It is also notable that there
is also a small amount of ice accreted on the leeward side of
insulators. This is because a small amount of water droplets
will also follow the eddy currents on insulator leeward side
get onto the insulator surface.
FIGURE 8. Distribution of ice shape: (a) α = 0◦, (b) α = 40◦, (c) α = −40◦.
D. ICE THICKNESS
The distribution of ice accretion can be illustrated further by
the analysis of ice thickness. In Fig 9, ice thickness along
windward center cross section changing with icing time is
shown. When α = 0◦, the largest ice thickness is 17.04 mm,
which appears on second rod. And when α = 40◦, the largest
ice thickness is 21.19 mm which is on upper surface beside
the second shed. At the same time, when α = −40◦,
the largest ice thickness is 17.18 mm which appears in lower
FIGURE 9. Ice thickness changing with time: (a) α = 0◦, (b) α = 40◦,
(c) α = −40◦.
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surface beside the fourth shed. It is obvious that the wind
angle greatly changes the distribution of ice on insulator
surface. Based on the above research, the existing wind angle
obviously changes the air flow behaviors around the insulator.
As a result, the distribution of droplets collision efficiency
on insulators also totally changes, which further leads to the
difference in ice shape on insulators.
V. EFFECT OF WIND FLOW ANGLE ON ICE MASS
In this section, the α (wind flow angle) is changed from
−90◦ to 90◦ to investigate the effect of wind flow angle on
the accreted ice mass. Furthermore, the ice mass on V-shape
insulator strings with different β (inclination angle) is also
studied.
A. WIND FLOW ANGLE BETWEEN 0◦ AND 90◦
As shown in Fig. 10(a), with the increase of icing time, the
ice mass of different cases arguments with different rate.
To show the difference more clearly, the ice mass for all cases
in 360 min are displayed in Fig.10(b). It is found that when
α changes from 0◦ to 90◦, the ice mass increases firstly and
FIGURE 10. Ice mass changing with α (α between 0◦ and 90◦): (a) ice
mass changing with time, (b) ice mass at 360 min.
then drop. The biggest value for ice mass appears at 30◦ case,
which is up to 1.54 kg/m.
There are several reasons for why ice mass changes with
wind flow angle and where the maximum value occurs.
Firstly, as analyzed in section IV, the change of wind flow
angle will greatly influence the air flow behaviors around
insulators. The wind velocity at different parts of the insulator
varies greatly, which will influence the heat flux transfer
and water freezing process. Secondly, the change of wind
flow angle will greatly influence the distribution of droplets
collision efficiency, which have effect on ice shape and ice
mass directly. Thirdly, due to the existence of the wind flow
angle, the ice-covered area of insulators changed signifi-
cantly. According to above research, ice mainly accreted on
the windward side, and with the change of wind flow angle,
the total windward area of insulator become smaller. This is
also a significant reason for the change of ice mass.
B. WIND FLOW ANGLE BETWEEN −90◦ AND 0◦
The ice mass changing with time when α between −90◦ and
0◦ is illustrated in Fig. 11(a), and the difference in ice mass
between cases in 360 min is shown in Fig. 11(b). Similarly,
FIGURE 11. Ice mass changing with α (α between 0◦ and −90◦): (a) ice
mass changing with time, (b) ice mass at 360 min.
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the ice mass mainly increases firstly and then drops when α
changing from 0◦ to −90◦. It is worth noting that there is a
fluctuationwhen α changing from−40◦ to 60◦ and the largest
ice mass appears in −60◦ case with 1.77 kg/m.
C. INCLINATION ANGLE BETWEEN 0◦ AND 180◦
Generally, a V-shape insulator can be regarded as the com-
bination of two single insulators with different wind flow
angle. Furthermore, the ice mass on V-shape insulator surface
equals to the sum of ice mass on two single insulators with
different wind flow angle. The change of ice mass on V-shape
insulator string with different β is shown in Fig. 12(a), and the
ice mass on different V-shape insulator strings at 360 min is
shown in Fig. 12(b). It can be found that when β changes from
0◦ to 180◦, the ice mass decreases after a firstly increase.
Percentage increase of ice mass on V-shape insulator string
compared with ordinary suspension insulators (β = 0◦) is
shown in Table. 5. It is notable that when inclination angle
FIGURE 12. Ice mass changing with β: (a) ice mass changing with time,
(b) ice mass at 360 min.
TABLE 5. Percentage increase of ice mass.
is between 60◦ - 120◦ (most common value for β), the ice
mass increases obviously compared to ordinary suspension
insulator strings. When β = 80◦, the ice mass increases
64.99%, and for average, the ice mass increase 47.22%.
So, it is significant to take the effect of wind flow angle into
consideration when designing insulator strings. Otherwise,
FIGURE 13. Ice mass changing with time under different wind velocity:
(a) α = 0◦, (b) α = 40◦, (c) α = −40◦.
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the transmission line will face the problem of over-load and
icing flashover due to wrong prediction of ice mass.
VI. EFFECT OF WIND VELOCITY ON ICE MASS
In this section, the cases of α = 0◦ and α = ± 40◦ were
selected to further study the effect of wind flow angle &
velocity on ice mass.
A. ICE MASS CHANGING WITH WIND VELOCITY
The situation of ice mass changing with icing time under
different wind velocity are shown in Fig. 13. It can be found
that the ice mass on insulator increases with icing time.
Furthermore, for both α = 0◦ and α = ± 40◦, the increase
rate of ice mass ascends evidently with the argument of wind
velocity.
B. SENSITIVITY OF ICE MASS TO WIND VELOCITY
The ice mass with different wind velocity at 360min is shown
in Fig. 14. It is found that when α = ± 40◦ the ice mass
is always much larger than α = 0◦ case, which means that
insulator strings with ± 40◦ wind flow angle are prone to ice
disaster because they will get more ice mass in same time
span.
FIGURE 14. Effect of wind velocity on ice mass.
To illustrate the sensitivity of ice mass to wind velocity,
sensitivity parameter km is defined as:
km = 1m/1V (12)
where: 1m is the difference value of icing mass in kg/m (In
this research the icing time for 1m is 360 minutes); 1V is
the difference value of wind velocity in m/s.
The km in different time periods of three cases are shown
in Table. 6. For all α, the km augments faster and faster
with the increase of wind velocity. Furthermore, in α = 0◦,
α = 40◦, and α = −40◦ cases, the average value of km are
0.304, 0.576, and 0.825 respectively. It can be inferred that
when α = ± 40◦, the ice mass is much more sensitive to
the increase of wind velocity, especially when α is negative.
To be specific, when wind velocity increases, the increase
rate of ice mass for insulator strings with ± 40◦ wind flow
TABLE 6. The values of sensitivity parameter.
angle become more and more lager than ordinary suspension
insulator strings. However, this characteristic is always over-
looked in the design of transmission lines, which may cause
icing disasters when extreme environment (cold current and
high wind) comes.
VII. CONCLUSION
Following are the main findings of this research work.
1) Numerical simulation method performs well in
ice mass calculation. Compared with the experi-
ment results, the average difference in ice mass is
4.96%-6.18%.
2) The change of wind flow angle has an evident effect
on the ice accretion of insulators both in ice shape
and ice mass. For single insulator, when wind flow
angle changes from 0◦ to 90◦ or −90◦, the ice mass
augment firstly and then decreases. And for V-shape
insulator strings with 60◦ - 120◦ inclination angle,
the ice mass increases 47.22% in average compared to
ordinary suspension insulators, which means that the
insulators with wind flow angle (60◦ - 120◦) are prone
to ice disaster.
3) When α = ± 40◦, the ice mass accretion on insulators
is much more sensitive to the change of wind velocity
compared to α = 0◦. When wind velocity increases,
the increase rate of ice mass for insulator strings with
± 40◦ wind flow angle will become more and more
lager than ordinary suspension insulator strings, which
is significant to the evaluation of icing disasters for
transmission lines.
4) In the design of insulator strings in icing regions,
the effect of wind flow angle & velocity must be taken
into consideration due to their significant effect on ice
accretion. Otherwise, the transmission line will face the
potential threat of ice over-load and icing flashover due
to wrong prediction of ice mass.
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